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ABSTRACT

EXPERIMENTAL STUDY OF FLOW AND HEAT TRANSFER CHARACHTERSTICS OF
NANOFLUIDS IN A TUBE FLOW

Hassan Ahmed Khan, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2015
Kyu Taek Cho, Director
Systematic approach was used to investigate the physical, rheological, and thermal
behavior of Nanofluids with special emphasis on the impact of stabilizing additives used to
stabilize Nanoparticles suspension in base fluid. Three different additives, Sodium
hexametaphosphate, Diammonium hydrogen citrate, and Triammonium citrate were used in three
different sets of experiments (water, water and additive solution, and water, additive, and
nanoparticles mixture). Viscosity as a rheological property was measured. Experimental data
showed that viscosity of Nanofluids was influenced by the type of additive used. All additives
showed an increase in viscosity when they were added in water. The largest increase in viscosity
was measured when Sodium hexametaphosphate was used in concentration of 1% by mass, the
increase in viscosity was a little over 3%. All viscosity measurements were made by assuming the
test fluids to be Newtonian, since the used concentrations of nanoparticles and additives were
small. In light of experimental data, the heat transfer coefficient decreased (in comparison to water)
with the use of two additives, while no significant decrease in heat transfer was measured when
Diammonium hydrogen citrate was used in concentration of 0.1% by mass. All heat transfer tests
were conducted in thermally developing laminar flow. In general, for the given flow conditions,
heat transfer coefficient of water and additive solution was decreased when CuO nanoparticles

were introduced. Decrease was observed to be reducing along the length of the test tube. Some
possible improvements were seen with higher concentrations of nanoparticles (5% by mass). Based
on the experimental data, it seems that with low concentrations of nanoparticles there could be
some entry regions, under some flow conditions, where heat transfer coefficient may reduce.
Changes in thermo-physical properties by the use of small concentrations of nanoparticles might
be causing these results, or it may also be attributed to any unknown phenomenon associated with
Nanofluids. Further experiments are suggested in the future work to help understand this reduction
of heat transfer.
Zeta potential measurements were made in order to quantify the stability of the prepared
Nanofluids. Stability of the fluids was also visually confirmed, and it seems to agree with the
measured values of zeta potential. Measurement of the particle size in Nanofluids shows that
relatively smaller particle size was observed in fluids that were more stable (high values of zeta
potential) as compared with fluids that were less stable. This result was expected, as with the case
of less stable Nanofluids more particles will tend to stick with each other, resulting in higher
average particle size. The impact of stability on the particle size further increases the importance
of having more stable Nanofluids.
Nanofluid flow and heat transfer apparatus developed by Netemeyer for his Master’s thesis
at Northern Illinois University was used to study the flow and heat transfer characteristics of test
fluids with few modifications, while Malvern Zetasizer equipment was used to measure the zeta
potential and size of nanoparticles suspended in Nanofluids.
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CHAPTER 1

INTRODUCTION

Developing improved and more effective methods for the purpose of heat transfer is an
active area of research in engineering discipline. Heat transfer impacts the performance of many
real world applications, and any improvements in this area can result in devices which are more
energy efficient, reliable, effective, and safe to operate.
Fluids are widely used as heat transfer medium in vast majority of heat transfer
applications, and one way to improve heat transfer performance is to use fluids with better heat
transfer characteristics. Since energy is spent creating the flow of the fluid in order to achieve
required heat transfer, it is also desired to have a fluid which has better flow characteristics while
having desirable heat transfer performance.
Nanofluids are considered as potential candidates for the next generation of coolants. They
are specially designed fluids which are made to improve the heat performance of base fluid by
suspending nanoparticles into it. Nano size particles with a size of less than 100nm are used for
making Nanofluids. Due to extremely small size of the particles it is easier to create a suspension.
However due to the issue of long term stability, stabilizing additives are added to help improve the
suspension of nanoparticles in Nanofluids. Various materials including different metals and oxides
are used for the purpose of creating nanoparticles, which are then used for making Nanofluids.
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Nanoparticles in the base fluid may start sticking with each other due to the high surface energy,
creating a larger particle which is difficult to stay suspended in the fluid, and will settle down
eventually. Use of additives mitigates this issue by increasing the stability of Nanofluids. It is
important for Nanofluids to be stable so that they could be used for heat transfer applications. An
improved coolant will pick up more heat and will require less pumping power to create the desired
flow needed for the heat transfer, and this is the objective of developing Nanofluids. Therefore, it
is important to study both, heat transfer, and flow characteristics of Nanofluids. Similar attempt is
made in this work, where flow and heat transfer characteristics of fluids are studied experimentally.
To achieve this objective, an apparatus developed by Netemeyer for his Master’s thesis [1] along
with other equipment is used in this work for studying the flow and heat transfer characteristics of
test fluids.
If promising Nanofluids are successfully developed they could be used in a great number
of heat transfer applications. Cooling of electronics, engine cooling and vehicle thermal
management, solar heating, heat exchangers, cooling of fuel cells, and battery cooling are a few
good examples of potential uses of Nanofluids. Extensive experimental and theoretical research
has been done to study Nanofluids, and is briefly discussed in this report.

CHAPTER 2

RESEARCH FINDINGS FOR THE AREA OF NANOFLUIDS

2.1

Heat transfer in Nanofluids

A lot of research has been done to understand the heat transfer in Nanofluids. Extensive
experimental and theoretical work is available in literature. Some important findings from the
literature survey are mentioned in this document.
Heat transfer of Nanofluids can be impacted by different variables. These variables include
the variables in fluid itself and also conditions under which fluid is being used for heat transfer
application. Fluid variables that can have an impact on the heat transfer performance of Nanofluids
includes, size of nanoparticles, shape of nanoparticles, concentration and material of nanoparticles,
type and concentration of additives, and the base fluid in which particles are suspended. Any
changes in these fluid variables may result in different heat transfer performance of Nanofluids. It
is important to consider these factors while reviewing the literature to develop an understanding
of Nanofluids. Since most of the time all of these variables are not reported completely, it makes
the task of comparing results from different experiments a bit difficult.
Other than this, the conditions in which Nanoparticles are used will also impact their
performance. For example, thermal conductivity of Nanofluids was reported to be highly sensitive
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to temperature of the fluid [2]. Experimental studies using same Nanofluids under similar
conditions, but at different temperatures might result in very different results.
Many of the researchers have reported that the thermal conductivity of the fluid is increased
with the use of Nanoparticles [2]. Increase in thermal conductivity of the fluid is of paramount
importance in Nanofluids, because any increase in thermal conductivity results in improved heat
transfer performance.
One of the important finding reported in the literature is that, experimentally measured
improvement in convective heat transfer exceeds what could be predicted by the rise in measured
thermal conductivity [3]. An experimental study done to study the flow and convective heat
transfer characteristics of water-based Al2O3 Nanofluids in fully developed laminar flow regime
states this enhancement of convective heat transfer as one of the major unsolved issues in
Nanofluids [3].
In the Same paper author also discusses the possibility of having different thermal
conductivities of the fluid under static and dynamic conditions [3]. Stability and high cost of
production for Nanofluids were identified as one of the major issues impeding the
commercialization of Nanofluids [2].
Since viscosity of the fluids may increase with the introduction of nanoparticles, requiring
more pumping power to create the flow, it is important to measure if more heat is picked up with
the same amount of pumping power.
An experimental study done to study the convective heat transfer of Nanofluids under a
circular tube with constant heat flux condition reports an increase of 8% in thermal conductivity,
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and 20% increase in convective heat transfer when alumina Nanofluids were used in
concentrations of 3% by volume [4]. Figure 2.1 [4] shows an experimental setup developed to
study the convective heat transfer characteristics of Nanofluids under turbulent and laminar flow
conditions.

Figure 2.1: Experimental setup for measuring local convective heat transfer coefficient [4]

It can be seen from the figure 2.2 [4] and figure 2.3 [4] that the heat transfer coefficient is
increased with the use of Nanoparticles.
One important finding of the same experimental study is that the convective heat transfer
enhancements of 8% were measured by using amorphous carbonic Nanofluids, even though the
thermal conductivity of the Nanofluid was approximately same as of water [4]. This again
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reinforces the thought that some other phenomenon in Nanofluids may be responsible for the
increased convective heat transfer.

Figure 2.2: Convective heat transfer coefficient vs. axial position [4]

Figure 2.3: Convective heat transfer coefficients vs. Reynolds numbers [4]
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14% drop in heat transfer coefficient was measured when TiO2 Nanofluids were used in a
double tube counter flow heat exchanger under the same conditions as with water [5]. Author
reasons that the changes in thermo-physical properties may be contributing the drop in heat transfer
[5].

2.2 Flow characteristics of Nanofluids

One of the undesirable effect of introducing nanoparticles is the possible rise in viscosity
of the fluid. A more viscous fluid will require more pumping power in order to achieve desirable
flow for the required heat transfer. Viscosity of the fluid was found to be increasing with increasing
concentration of nanoparticles [5].
Friction factor was experimentally determined and was found to be higher than the base
fluid when TiO2 water based Nanofluids where used in a multiport mini channel flat tube [6]. The
pressure drop was also found to be increasing with increasing concentration of the nanoparticles
[6]. The same study reasons that the additional pressure drop is caused by the increase in viscosity,
and also the increased density of Nanofluids due to the addition of nanoparticles [6]. A review
paper on the viscosity of Nanofluids discusses experimental findings where the viscosity of
Nanofluids is decreased with rise in temperature [7].
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Figure 2.4: Friction factor vs. Reynolds number [6]

Figure 2.5: Viscosity vs. Temperature [7]
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It is reported in the experimental study done on water based Al2O3 Nanofluids for fully
developed laminar flow that the data for Nanofluids friction factor is in good agreement with the
Darcy equation for single-phase flow [3]. This can be seen in Figure 2.6 [3]. In light of this
experimental data, comparison of viscosities of Nanofluids where the flow conditions are laminar
can be a better way to characterize flow characteristics of Nanofluids.

Figure 2.6: Friction factor vs. Reynolds number of water based Al2O3 Nanofluids in fully
developed laminar flow [3]
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2.3 Impact of size and shape of nanoparticles

It is important to consider the impact of size and shape of nanoparticles for both, heat
transfer, and flow characteristics of Nanofluids. There are some experimental studies in the
literature where authors focused on studying the impact of the size and shape of nanoparticles.
An experimental study on the convective heat transfer of the Nanofluids was done with
water based Al2O3 Nanofluids [8]. Nanoparticles of two different sizes were used, 45 nm, and 105
nm [8]. Based on the findings, Nanofluids where smaller nanoparticles were used had better heat
transfer in comparison to the Nanofluids where larger nanoparticles were used [8]. For the same
test conditions, enhancements with 45 nm Nanofluids where 25%, where the enhancement was
around 11% when larger nanoparticles were used [8].
Figure 2.7 [8] shows an increased heat transfer coefficient for smaller nanoparticles based
Nanofluids. Another study done to study the impact of particle size reports that in general, smooth,
spherical, and small nanoparticles are best in improving heat transfer [9]. The study was done for
turbulent flows using water based Nanofluids [9].
Study done to consider the shape effects of nanoparticles [10] reported that platelets and
cylinders like shapes results in higher fluid viscosity. While Spherical particles will result in lower
viscosity of the fluid [10].
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Figure 2.7: Heat transfer coefficients vs. Reynolds number for Nanofluids with different particle
sizes [8]

CHAPTER 3

APPARATUS USED FOR EXPERIMENTS

The experimentally measured quantities for this work includes the local heat transfer
coefficient, viscosity, density, zeta potential, and the particle size of the nanoparticles in the
prepared Nanofluids.
Nanofluid flow and heat transfer equipment developed by Netemeyer for his Master’s
thesis [1] was used to study the flow and heat transfer characteristics of Nanofluids. There were
some modifications that were made to the original apparatus, and also in the technique used for
measuring the desired quantities. These changes are explained later in this report.
Malvern Zetasizer equipment was used to measure the zeta potential and the size of
nanoparticles suspended in test samples. Density measurements were made by using a 25 ml
volumetric flask, and Scientec S210 precision weight balance.

3.1 Nanofluid flow and heat transfer Apparatus

The design of the equipment developed by Netemeyer for his master’s thesis [1] is based
on the open loop system, where test fluid is filled at the top of the equipment and is drained at the
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bottom. The open loop design helps reduce the complexity, while also increasing the reliability of
the test results.
Major important components of the equipment includes, the top reservoir, insulated test
tube, and the lower reservoir. For more detailed understanding of the equipment design,
Netemeyer’s master’s [1] thesis could be reviewed. However, a brief overview of the equipment
is included in this report.
The equipment is designed such that the test fluid could be filled in the upper reservoir,
which can then flow through the insulated test tube. The test tube can be heated during the test by
means of electrical resistance heating. An adjustable DC power supply is connected with the test
tube which is used to provide the required power for heating during the test. Pneumatic flapper is
also attached at the end of the test tube. This Pneumatic flapper is used to open or close the end of
the test tube, allowing to start or stop the flow of the fluid.
After passing through the test tube, the test fluid is collected inside the lower reservoir. The
valve at the bottom of the lower reservoir is used to drain the fluid out of the test equipment once
the test has been completed. T type thermocouples are mounted on the equipment to measure the
temperatures at different positions. The first thermocouple is mounted inside the upper reservoir
which is used to measure the fluid inlet temperature. In order to measure the outlet fluid
temperature, a thermocouple is mounted within the lower reservoir. Thermocouples are also
mounted along the length of the test tube to measure outer test tube temperature at different
positions. All thermocouples are connected to data acquisition board, which is then connected to
a LabVIEW® program.
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Figure 3.1: Nanofluid flow and heat transfer apparatus [1]
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Also the quantity and positions of the thermocouples is different from the ones in
Netemeyer’s design [1]. Three thermocouples are used within the first 12 inches of the test tube.
All of the tests were conducted without pressurizing the upper reservoir, so there was no need to
measure the data from the pressure transducer installed inside the upper reservoir.
The upper reservoir has an internal diameter of 3.068 inch, and is 12 inches long with a
capacity of 1 liter of test fluid [1]. To provide high value of length to diameter ratio, the internal
diameter of the test tube should be small in comparison to its length. The total length of the test
tube is 36 inches, while the internal diameter of the tube is 0.069 inch [1]. With these dimensions,
length to diameter ratio is 522 [1].
The test tube is made of stainless steel with thermal conductivity value of 13.4 W/mk [1].
Fiberglass insulation with a thickness of 2 inch is used to insulate the tube from its surroundings,
and prevent heat loss during the test [1]. With this insulation it is assumed that there are no heat
losses to the surroundings. Omega thermal epoxy is used to mount thermocouples on the outside
of the test tube, and to ensure good thermal contact.
Schematic diagram of test apparatus used in this work after few modifications in equipment
developed by Netemeyer is presented in Figure 3.2. For the much detailed view of the test tube
along the location of thermocouples Figure 3.3 can be reviewed.
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Figure 3.2: Test setup schematic
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Figure 3.3: Test tube section

CHAPTER 4

TESTING PROCEDURE AND WORKING EQUATIONS

Viscosity and heat transfer coefficient of the test fluids is measured using the Nanofluid
flow and heat transfer equipment developed by Netemeyer for his Master’s thesis [1] with some
modifications. Malvern Zetasizer equipment is used to measure the zeta potential of the test fluid.
The same equipment is also used for measuring the size of the suspended nanoparticles in the fluid.
This section includes the explanation of the process used to make direct measurements on the test
fluids, and also how those measurements are used to calculate the final results.

4.1 Density measurement of fluids

Volume and mass measurements were taken to calculate the density of all the prepared test
fluids. A volumetric flask of 25 ml capacity with an accuracy of ± 0.3ml was used to measure the
volume of the fluid, while Scientech S210 weight machine was used to calculate the mass. The
accuracy of the used weight machine for density measurement was 0.01 gram. First the empty
volumetric flask was weighed to determine the mass of the volumetric flask, after which filled
flask with the test fluid was weighted again. The calculated densities have an uncertainty of 1.20%.
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Special care was taken to ensure that the volumetric flask is clean and dry before measuring the
weight of the empty container. The flask was properly rinsed and dried before testing the next
fluid.

4.2 Viscosity measurement of fluids

In order to study the flow characteristics of test fluids viscosity measurements where done
experimentally. Viscosity data could be used to compare the flow performance of different test
fluids. Pressure drop and required pumping power for laminar flow could be determined with the
help of viscosity. Friction factor data would have been useful if test conditions where turbulent,
but for laminar flow friction factor is given by the following equation:

𝑓=

64
𝑅𝑒

[11]

(4.2.1)

Any improvements in heat transfer performance of Nanofluids alone does not justify the
use of them as a better coolant. Since any coolant in a cooling system has to be moved by a pump
or some means of energy input, it is important to know that how much power is spent in creating
the required flow for the desired heat transfer.
Viscosity of the fluid is expected to increase with the addition of nanoparticles, thus hurting
the desired flow characteristics. One way of determining if Nanofluids are beneficial over
conventional coolants or not is to compare the amount of heat picked up for the given amount of
pumping power. The coolant which picks up more heat for the same amount of pumping power
could be a better coolant.
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4.2.1 Working equations for viscosity measurement

The equation used in Netemeyer’s thesis [1] for calculating dynamic viscosity is based on
the working equation of capillary viscometer. Dynamic viscosities of the test fluids in this work
are calculated using the same equation as in Netemeyer’s thesis [1]. Using this equation, the
dynamic viscosity of the fluid can be determined as

𝜇=

𝜋.𝜌.𝑔.ℎ𝐿 .(𝐷𝑡𝑖 )4
128.𝐿𝑡 .𝑉̇

[1]

(4.2.1.1)

Where 𝜇 is the dynamic viscosity, 𝜌 is the density of the fluid, 𝑔 is the gravitational acceleration,
ℎ𝐿 is the total head loss in the system, 𝐷𝑡𝑖 is the inner tube diameter, 𝐿𝑡 is the tube length, and 𝑉̇
is the volume flowrate of the fluid. Limitations of using equation 4.2.1.1 are explained by
Netemeyer’s in his thesis [1]. This equation applies to isothermal laminar flow with no end effects
[1]. Also the fluid being tested should be Newtonian [1]. For more detailed understanding of the
use of this equation and its limitations, Netemeyer’s thesis [1] could be reviewed.

ℎ𝐿 , total head loss can be calculated as

ℎ𝐿 = (𝐿𝑡 + 𝑍𝑢𝑟 ) + [

(𝑉𝑢𝑟 )2 −(𝑉𝑡 )2
2.𝑔

] [1]

(4.2.1.2)
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Where 𝑍𝑢𝑟 is the upper reservoir level, 𝑉𝑢𝑟 is the velocity of the fluid in upper reservoir, and 𝑉𝑡 is
the fluid velocity inside the tube. For calculation of the total head loss, it is important to know the
upper reservoir level. Since during the test run the upper level reservoir would be continuously
changing, a simplifying assumption was used.
The velocity values used in these equations are the average velocity values, which are
determined from average mass flow rate data recorded during the test. Therefore if average
velocity is used, then the upper reservoir level used in the calculation must be equal to the reservoir
level when the fluid velocity is equal to the average velocity (during the test both, the upper
reservoir level, and fluid velocities in tube and reservoir are continuously changing). To simplify
this, the change in velocity with respect to change in the upper reservoir level is considered to be
linear. With this assumption, the average velocity will occur at average reservoir level. Using this
assumption, the upper reservoir level is calculated as,

𝑍𝑢𝑟 =

𝐻1 +𝐻2
2

(4.2.1.3)

Where initial and final reservoir levels, 𝐻1 and 𝐻2 can be determined by,

𝐻1 =

(

𝑚𝑓𝑓
−𝑇𝑣 )
𝜌

𝐴𝑢𝑟

(4.2.1.4)
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𝐻2 =

(

𝑚𝑓𝑓
𝑚𝑓𝑑
−𝑇𝑣 −
)
𝜌
𝜌

𝐴𝑢𝑟

(4.2.1.5)

𝑚𝑓𝑓 is the mass of the fluid filled in the equipment, 𝑚𝑓𝑑 is the mass of the fluid drained during the
test, and 𝑇𝑣 is the test tube volume. The fluid velocities and volume flowrate are determined by

𝑉𝑡 =

𝑚̇
𝐷
𝜌.𝜋.( 𝑡𝑖 )

2

(4.2.1.6)

2

𝑉𝑢𝑟 =

𝑚̇
2
𝐷
𝜌.𝜋.( 𝑢𝑟 )

(4.2.1.7)

2

2

𝐷
𝑉̇ = 𝜋. ( 𝑡𝑖 ) . 𝑉𝑡
2

(4.2.1.8)

Once the total head loss and volume flowrate for the test are determined, they could be substituted
in the equation 4.2.1.1 to calculate the viscosity.
In order to confirm the Newtonian behavior of the fluids, viscosity needs to be determined
at different shearing rates. During the experiments, the Newtonian behavior of the fluids was not
proved, and the above mentioned equations where used with the assumption that the fluids are
Newtonian. However it is recommended in the future recommendations section of this report that
the Newtonian behavior of these fluids needs to be confirmed experimentally in order to validate
these test results.
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Since the viscosity of fluids is temperature sensitive, and the viscosity data of different
fluids was being experimentally measured for comparison purposes, a few degrees change in fluid
temperature may lead to misleading results. In order to help avoid this error, it was made sure that
all test data is within 1 degree centigrade of temperature difference among other tests. A precise
and accurate RTD thermometer with an accuracy of ± 0.1 degree centigrade was used to determine
the temperature of fluids prior to the test and was recorded along with the collected data.

4.2.2 Testing procedure for viscosity measurement

Once the test sample was prepared, the required amount of fluid for the test was first
measured by weighing the fluid within a beaker using a weight scale with an accuracy of ± 1 gram.
After this the temperature of the test fluid was measured using the RTD thermometer. Test fluid
was then filled into the test equipment.
Pneumatic valve was opened and fluid was allowed to drain for approximately thirty
seconds, after which the drained fluid was refilled into the testing equipment. This was done
whenever a fresh fluid was filled into the equipment. The purpose of doing this procedure was to
eliminate any possibility of air entrapment within the test equipment which could affect the test
results.
After this the pneumatic valve was opened for the desired amount of test duration. The
time was measured using a stopwatch. At the end of the test run the amount of drained fluid was
weighed and the test fluid was refilled for the next test. Three different tests were conducted for
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each fluid, and then the average fluid viscosity was determined from the different test
measurements. Three measurements were required to be recorded from each test run to perform
the desired viscosity calculations. Those three measurements were, test duration, the amount of
drained fluid mass, and the amount of fluid mass initially filled into the equipment.

4.3 Heat transfer coefficient measurements

The most important tests conducted were to study the heat transfer of fluids. It was decided
that the local heat transfer coefficient of the fluids should be calculated using the test data in order
to compare heat transfer performance. The end objective was to determine local heat transfer
coefficients at changing mass flow rates or different Reynolds number.
Thermally developing laminar flow condition was chosen to study the heat transfer
coefficient. Since random motion of nano scale particles can help improve heat transfer.
Improvement due to this phenomenon could have reduced impact in the case of turbulent flow, as
random eddies are already creating mixing in turbulent flow. But the motion of nano particles in
laminar flow can give possible benefits for heat transfer.
Local heat transfer coefficient was measured at three different locations along the test tube.
This was done to study the impact of thermal boundary layer development along the length of the
tube. Fifteen different test runs where conducted for all of the prepared fluids.
The collected test data could be used to compare the heat transfer coefficients of different
fluids at changing mass flow rates. Changes in local heat transfer coefficient could also be
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compared as the thermal boundary layer develops. This could provide an insight to understanding
how the thermal boundary layer is developing for given test fluids.

4.3.1 Equations used for calculating the local heat transfer coefficient

Local heat flux 𝑞𝑡 , inner tube temperature 𝑇𝑡𝑖 , and fluid bulk temperature 𝑇𝑓𝑥 at the location
where heat transfer coefficient was being measured can be used to determine the local heat transfer
coefficient.

ℎ𝑥 =

𝑞𝑡
𝑇𝑡𝑖 −𝑇𝑓𝑥

[1]

(4.3.1.1)

Test tube was heated through electrical resistance heating. Since the dimensions of the tube
were constant along the length, it is reasonable to assume that a constant heat flux would occur
along the length of the tube as electrical heating is applied. This assumption would also require
the resistance of the test tube material to be constant along the length.
Since the material of the tube is same, it should have a constant value of resistance, but the
temperature of the tube during the test would be changing along the length of the tube. A change
in temperature would result in different electrical resistance of the tube material along the length.
Although this change would be present, but it would be so small that it could be neglected.
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It was assumed that all of the heating power supplied was converted into heat. The total
supplied heating power is calculated by knowing the amount of applied current and voltage. Once
the total power is calculated it is then divided by the inner surface area of the tube to determine
the rate of heat per unit area. Volumetric heat generation will take place along the length of the
tube, since the tube is well insulated all the generated heat has to be picked up by the flowing fluid
in the tube at steady state.

𝑞𝑡 =

𝑄
𝜋.𝐿𝑡ℎ .𝐷𝑡𝑖

𝑄 = 𝐸. 𝐼

[1]

[1]

(4.3.1.2)

(4.3.1.3)

𝐿𝑡ℎ is the length of the heated tube, E is the applied voltage, and I is the heating current. It
would be practically very challenging to measure the local fluid temperature. In order to calculate
the local fluid temperature, the inlet and outlet fluid temperatures are used. A linear change in
temperature is assumed for the fluid along the length of the tube. Since the heat flux is same along
the length, it is reasonable to assume a linear profile. However this is true if the specific heat of
the fluid does not change along the length. The impact of the change of specific heat on the
temperature calculated using the equation 4.3.1.4 would be insignificant for the test conditions,
and a reasonable assumption could be made of constant specific heat of the fluid along the test
tube length during the test.
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𝑇𝑓𝑥 = 𝑇𝑖𝑛 + (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 ).

𝑥
𝐿𝑡ℎ

[1]

(4.3.1.4)

Where x is the location at which the local heat transfer coefficient is being measured. The
last quantity that needs to be determined is the inner test tube temperature. Due to practical
constrains it is very difficult to place a sensor and collect the required data.
A thermocouple is placed to measure the outside tube temperature. This temperature along
with the known conductivity and dimensions of the test tube are used to calculate the inner test
tube temperature for given amount of volumetric heat generation. The equation for inner test tube
temperature is taken from Netemeyer’s Master’s thesis [1], and his thesis could be reviewed for
more detailed understanding of the used equation. The governing equation for heat conduction in
a cylinder at steady state is used to derive the equation for calculating inner tube surface
temperature [1].

𝑇𝑡𝑖 = 𝑒𝑔𝑒𝑛 .

[(𝐷𝑡𝑜 2 )−(𝐷𝑡𝑖 2 )]
16.𝑘𝑡

𝑒𝑔𝑒𝑛 .(𝐷𝑡𝑜 2 )

−[

8.𝑘𝑡

𝐷

] . 𝑙𝑛 ( 𝐷𝑡𝑜 ) + 𝑇𝑡𝑜

[1]

(4.3.1.5)

𝑡𝑖

Where 𝑒𝑔𝑒𝑛 is the volumetric heat generation, 𝐷𝑡𝑜 is the outer tube diameter, and 𝑘𝑡 is the
thermal conductivity of the tube.
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4.3.2 Calculation of mass flow rate

The calculated values of local heat transfer coefficients are reported against the given mass
flowrates. The amount of drained fluid at the end of the test was weighed on a weight machine.
The amount of drained fluid is then divided by the test duration to get the mass flow rate. The fluid
velocity changes as the level in the upper reservoir is changing. But the change in level during the
test is insignificant to cause any significant changes in the calculated mass flow rate. For the
purpose of validating this, an extreme case from test data was analyzed, and the change in mass
flowrate due to level change was found to be less than 1.5%.

4.3.3 Procedure for experiments

The required amount of fluid is first filled into the testing apparatus. After filling out the
required fluid, the valve is first opened and fluid is allowed to pass for approximately thirty
seconds. This is done to eliminate any possibility of trapped air within the equipment. The drained
fluid is filled back again and equipment is ready for the experiment.
The power supply is turned on and required voltage and current are applied. After this the
valve is opened so that the testing could begin. A stop watch is used to keep track of the experiment
time. The LabVIEW® program continuously records the temperatures from all the thermocouples
during the test. Thermocouple test data is recorded in form of a text file by the LabVIEW®
program.
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Voltage and current readings are noted down after 30 seconds of test beginning to ensure
the steady state value. Fluke 110 true RMS multimeter is used for measuring the applied voltage.
While Tektronix DCM910 true RMS DC clamp meter is used for measuring the amount of current.
Pneumatic valve is closed at the required time, and amount of drained fluid is weighed on a weight
machine.
All test data is recorded. A computer code is later used to calculate the heat transfer
coefficient by entering the test data into the program.

4.4 Zeta potential measurement procedure

Measurement procedure and guidelines provided by the manufacturer of Malvern Zetasizer
equipment were used to measure the zeta potential of the test fluids. Once the test fluid is prepared
the zeta potential measurements can be made.
The test sample fluid is injected into the test cell with the help of a syringe provided by the
equipment manufacturer. The cell is then inserted into the test equipment. While injecting the test
sample into the test cell, special care is taken to ensure that there are no air bubbles present within
the cell. In case there is a presence of bubbles, the fluid is sucked back into the syringe by pulling
it back, and then re-injected to make sure that the bubbles are no longer present.
Once the cell is inserted into the equipment, the measurements settings as recommended
in the equipment manual are done and test is initiated. The measurement test results are stored on
the hard drive and displayed on the screen once the test has been completed.
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4.5 Nano particle size measurement

The same equipment used for measuring zeta potential can also be used to measure the size
of the suspended nano particles into the fluid. Malvern Zetasizer equipment uses dynamic light
scattering technique to measure the size of the nanoparticles. Although the same size of nano
particles were used to prepare all Nanofluids, but different particle sizes were measured in different
Nanofluids. The difference in measured nanoparticle size might be due to different stabilities of
the prepared Nanofluids.
The testing procedure for measuring the size of the nanoparticles is very similar to the
method used for measuring zeta potential. The fluid sample is inserted the same way into the
equipment, as it was for measuring zeta potential. Once the sample has been inserted, measurement
settings as recommended by the manufacturer are done, and the test is initiated. All test results are
saved on the hard drive and are also displayed on screen.

CHAPTER 5

HYDRODYNAMIC AND THERMAL ENTRY LENGTHS

Flow will start developing hydrodynamically as soon as it enters the test tube. Similarly
thermal boundary layer will start developing as heat transfer to the fluid begins from the walls of
the heated test tube. Design of the test apparatus is such that the hydrodynamic entry length will
start developing first, since heated region of the test tube begins two inches after the fluid enters
the tube. The hydrodynamic entry length can be calculates as

𝐿ℎ = 0.05. 𝑅𝑒. 𝐷𝑡𝑖

[12]

(5.1)

Typical test data from water test was used, and hydrodynamic entry length was found to be 6.25
inches. While the thermal entry length can be calculated as

𝐿𝑡 = 0.05. 𝑃𝑟. 𝑅𝑒. 𝐷𝑡𝑖 [12]

(5.2)
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Using the same test data as used for calculating hydrodynamic entry length, the thermal
entry length was found to be 37.12 inches. This means that for this test, flow will be in thermally
developing region for the entire length of the tube.
Although thermal entry lengths would vary for each test and fluid, but based on the above
calculation, and expected changes in fluid properties, it can be safely concluded that all of the tests
conducted on different test fluids in this work were in thermally developing region. Range of the
Reynolds number used for testing was between 1,500 and 1,900.

CHAPTER 6

UNCERTAINITY ANALYSIS

For the work presented in this report, uncertainty analysis was performed for all of the
directly measured and derived quantities. Knowing the uncertainty in final results helps better
compare different fluids being studied experimentally. Care was taken while designing
experiments to ensure that the final derived quantities should have least amount of uncertainty in
them. Therefore, while selecting the instruments, and measurement techniques, uncertainty in
results was a major factor. Equation 6.1 was used to determine the uncertainty of the test results,

𝑢R = [(

𝜕𝑅

𝜕𝑥1

2

𝑢1) + (

𝜕𝑅
𝜕𝑥2

2

𝑢2) + ⋯ + (

𝜕𝑅

𝜕𝑥n

2 1/2

𝑢n) ]

[13]

(6.1)

Cited reference could be reviewed for more complete understanding on the equation used
for uncertainty analysis. Using the method of equation 6.1, equation 6.2 could be derived to
measure the uncertainty of heating power supplied for the experiments,
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𝑢𝑄𝑝𝑠 = {(𝐼. 𝑢𝐸 )2 + (𝐸. 𝑢𝐼 )2 }1/2 [1]

(6.2)

𝑄𝑝𝑠 = 𝐸. 𝐼 [1]

(6.3)

Where 𝑄𝑝𝑠 is,

Once the uncertainty of supplied heating power is calculated, this information could be used for
calculating the uncertainty of the heat flux on the tube surface which is given by,

𝑢𝑞̇ 𝑡 = {(

1

𝐴𝑡𝑖

2

−𝑄𝑝𝑠

. 𝑢𝑄𝑝𝑠 ) + (

𝐴𝑡𝑖 2

2 1/2

. 𝑢𝐴𝑡𝑖 ) }

[1]

(6.4)

Where 𝐴𝑡𝑖 is the inner test tube is surface area, and 𝑞̇ 𝑡 is,

𝑞̇ 𝑡 =

𝑄𝑝𝑠
𝐴𝑡𝑖

[1]

(6.5)

Equations could be derived for calculating the uncertainties of all other required quantities. Table
6.1 lists the uncertainties of all of the instruments used for the experiments.
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Table 6.1: Uncertainties of used instruments
S.No

Instrument

Measurement use

Accuracy

1

Weighing scale

Fluid mass measurement

± 1 gram

2

Precision weighing balance

Additive mass, nano particles mass, and
fluid mass for density measurement

± 0.01 gram

3

Voltmeter

Voltage measurement

± (0.7% + 2 counts)

4

DC clamp meter

Current measurement

1.90%

5

Ruler

Thermocouple position measurement

± 1.6mm

6

Volumetric flask

Fluid volume measurement for density
calculation

± 0.3 ml

7

Thermocuoples

Temperatures

± 0.12 oC

8

Stopwatch

Test duration

± 0.5 sec

Measurements for which values were taken from Netemeyer’s Master’s thesis [1] (for
example, tube diameter, upper reservoir diameter, etc.) the uncertainty values are also taken from
the same thesis report.
The two most important uncertainties for this work were the uncertainties of heat transfer
coefficient, and dynamic viscosity uncertainty. Uncertainties of the instruments were used to
calculate the uncertainties of derived results, and a summary of the calculated uncertainties is
presented in the table 6.2.
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Table 6.2: Summary of calculated uncertainties
Item
Heater power supply
Tube heat flux
Volumetric heat generation
Tube inner surface temperature
Local fluid bulk temperature
Heat transfer coefficient
Fluid density
Mass flow rate
Tube volume
Upper reservoir level
Head loss
Tube fluid velocity
Volume flowrate
Dynamic viscosity
Reynolds number

Uncertainty
1.17%
2.13%
2.30%
0.1267 oC
0.1168 oC
5.19%
1.20%
1.05%
1.14%
0.16%
0.22%
1.98%
2.28%
2.12%
3.19%

All of the instruments were used with the uncertainties as stated by the manufacturer. For
thermocouples, the calibration equations provided in Netemeyer’s master’s thesis [1] were used,
and also the uncertainty of the thermocouples stated in Netemeyer’s report was used.
Most of the equations that were used for calculating the uncertainties are same as in
Netemeyer’s master’s thesis [1], but some equations are different due to the fact that either a
different instrument or measurement technique was used in this work.

CHAPTER 7

PREPERATION OF TEST FLUIDS

There were three groups of fluids that were tested and compared for this work, distilled
water, water and additive solution, and Nanofluids (water, additive, and nanoparticles mixture).
Commercially available distilled water was used for the experiments, while all of the used
additives and nanoparticles were procured from Sigma-Aldrich.
There were eight different fluids that were tested for this work. The first tested fluid was
distilled water. Test results of distilled water were used as a reference against which all other fluid
results were compared. Among eight tested fluids, three were solutions of water and additive.
Nanoparticles were added in three water additive solution to prepare three different Nanofluids
with same concentration of all nanoparticles, but different types of stabilizing additives. The
concentration of CuO Nanoparticles in these three Nanofluids was 1% by mass. The last fluid that
was tested was a Nanofluid with a 5% by mass concentration of CuO nanoparticles. This fluid was
stabilized by sodium hexametaphosphate (1% by mass). CuO Nanoparticles were used for
preparing all Nanofluids. Table 7.1 presents a summary of all test fluids.
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Table 7.1: List of all test fluids
S.No

Test fluid
name

Remarks

1

Water

Water

2

1% SHMP

Water + additive

3
4

1% SHMP 1%
CuO NP
1% SHMP 5%
CuO NP

5

0.1% DHC

6

0.1% DHC 1%
CuO NP

7

0.1% TC

8

0.1% TC 1%
CuO NP

Composition
Distilled water

Distilled water and sodium hexametaphosphate (1% by
mass) solution
Distilled water, sodium hexametaphosphate (1% by
Nanofluid
mass), and CuO Nanoparticles (1% by mass)
Distilled water, sodium hexametaphosphate (1% by
Nanofluid
mass), and CuO Nanoparticles (5% by mass)
Distilled water and diammonium hydrogen citrate (0.1%
Water + additive
by mass) solution
Distilled water, diammonium hydrogen citrate (0.1% by
Nanofluid
mass), and CuO Nanoparticles (1% by mass)
Distilled water and triammonium citrate (0.1% by mass)
Water + additive
solution
Distilled water, triammonium citrate (0.1% by mass), and
Nanofluid
CuO Nanoparticles (1% by mass)

7.1 Preparation procedure for water and additive solution

There were three different additives that were used for the experiments, and all of the
additives were soluble in water. Since the additives were soluble in water, therefore preparation of
water and additive solution required a simple mixing process. Of the three used additives, two
were organic, while one was inorganic.
The first step was to calculate the desired amount of required water and additive. Once the
calculations were done, the mass of water was measured using a weight scale with an uncertainty
of ± 1 gram. A 1000ml beaker was used as a container. Mass of the empty beaker was first
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measured, and then the combined mass of the water and beaker was measured. Water was added
or removed as required to achieve the desired mass. Scientech S210 precision weight scale with
an accuracy of ± 0.001 gram was used for measuring the mass of the additives. Once the required
masses were calculated, the additives were added into the beaker containing distilled water. The
mixture was continuously stirred for approximately 5 minutes.

7.1.1 Concentrations of used additives

Sodium hexametaphosphate was used with the concentration of 1% by mass, while
Diammonium hydrogen citrate, and Triammonium citrate were 0.1% by mass. Three different
types of additives were used so that any changes in fluid performance due to the different type of
additives could be analyzed. It was also desired to have different Nanofluids, with different ranges
of stability. Using these three additives with the given concentrations allowed to have Nanofluids
with different values of zeta potential.
Type and concentrations of additives used in this work were based on the experimental
findings of a study done on CuO water Nanofluids [14]. This paper studied stability of the prepared
CuO Nanofluids at different concentrations of these three additives. Concentrations of additives at
which the highest stability of Nanofluids was reported in the paper [14] were used in this
experimental work.

40

Table 7.2: Additives used for stabilizing Nanofluids
Additive

Molecular formula

Molecular weight

Solubility

Sodium hexametaphosphate

611.77 gm/mol

Soluble in water

Diammonium Hydrogen Citrate

226.19 gm/mol

Soluble in water

Triammonium Citrate

243.22 gm/mol

Soluble in water

7.2 Preparation procedure for Nanofluids

A two-step method was used for the preparation of Nanofluids. Nanoparticles in desired
concentrations were added in water and additive solution. Same procedure was used for preparing
the water and additive solution, as mentioned in the earlier section. Required mass of nanoparticles
was calculated using the same procedure and instrument, as it was used for measuring the mass of
additives.
Measured nanoparticles were added into the water additive solution while continuously
stirring the solution. The solution was stirred for approximately 5 minutes, after which it was
sonicated for 1 hour at a frequency of 40 KHz. Sonication helps separate nanoparticles which may
have combined together. Once the sonication was completed the Nanofluid was ready for testing.
Same time of sonication was ensured for all prepared Nanofluids in order to ensure consistency.
It was attempted to make one Nanofluid sample without using any additive for stabilizing
the Nanofluid, but once the nanoparticles were added in water in absence of stabilizing additive,

41

all of the particles settled down very quickly. With such poor stability, conducting tests on the
fluid was impractical.

7.2.1 Nanoparticles used for experiments

CuO nanoparticles provided by Sigma-Aldrich were used for the experiments. Properties
of the nanoparticles as provided by manufacturer are listed in table 7.3.

Table 7.3: Nanoparticles used for experiments

Item

Description

Type

CuO

Size

< 50 nm

Density

6.320 g/cm3

Molecular weight

79.545 gm/mol

Solubility

Not soluble in water

CHAPTER 8

RESULTS OF EXPERIMENTS

8.1 Density testing

The first measured quantity that was measured for all fluids was density. The process for
measuring density is explained in the earlier section. This section focuses on the results and
comparison of fluid densities. Table 8.1 shows results of density testing.

Table 8.1: Density test results

Fluid

Measured density
(kg/m3)

1% SHMP

999.14

1% SHMP 1% CuO NP

1002.36

1% SHMP 5% CuO NP

1041.39

0.1% DHC

996.56

0.1% DHC 1% CuO NP

997.63

0.1% TC

996.43

0.1% TC 1% CuO NP

998.36
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It can be seen that the changes in densities of the test fluids are negligible as compared with
the density of water, since the concentrations of additives and nanoparticles were low. The only
fluid where any significant change in density was measured was for the case of Nanofluid with
nanoparticles concentration of 5% by mass.

8.2 Local heat transfer coefficient testing

Results of local heat transfer coefficient are one of the most important results in this work.
Heat transfer coefficient of all eight different test fluids was measured experimentally with testing
procedure explained in the earlier sections. The measurement of local heat transfer coefficient was
done at three points along the test tube. Results for all test fluids were obtained at different values
of mass flowrates. Local heat transfer coefficients were measured for water, water additive
solutions, and Nanofluids. The following sections are grouped based on the type of stabilizing
additive used.

8.2.1 Heat transfer coefficient results for sodium hexametaphosphate based fluids

Nanofluids stabilized by sodium hexametaphosphate had the best stability among all other
Nanofluids tested in this experimental work. It was also observed experimentally that Nanofluids
that were more stable had a smaller average particle size.
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Since the local heat transfer coefficient was measured at three locations, graphs of heat
transfer coefficient versus mass flow rate are presented for all three locations. A linear regression
line is also included on all graphs in addition to displaying the values of measured local heat
transfer coefficient. Linear regression line was obtained by using Microsoft Excel® software.
First of all, the heat transfer coefficients measured at the first position (i.e. at 1 inch from
the start of heated length) was compared between water, water and sodium hexametaphosphate
solution, and CuO Nanofluids stabilized by sodium hexametaphosphate, as shown Figure 8.1.
It was found that, by the addition of 1% by mass of sodium hexametaphosphate, the heat
transfer coefficient of water was reduced. This result was expected, as with the introduction of
poor-thermal-conducting polymer based compounds the heat transfer will reduce.
Once the CuO nanoparticles were introduced in the water and additive solution, we can see
that heat transfer coefficient is nearly the same as of water and additive solution, with very slight
improvement in heat transfer.
By looking at this data, it could be reasoned that the heat transfer coefficient of the
Nanofluid is lower than the base fluid, water. But with the introduction of nanoparticle in
concentration of 1% by mass, there is a slight improvement in the heat transfer coefficient as
compared with water and sodium hexametaphosphate solution.
At second position, 5.06 inches from the start of heated section, we can see that the
difference has been reduced for local heat transfer coefficients among the test fluids. Heat transfer
coefficient is still for both the fluids, water additive solution, and Nanofluids as compared with the
base fluid water.
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Figure 8.1: Heat transfer coefficient for sodium hexametaphosphate based fluids (x=1 inch)

At the third position, 11.12 inch from the start of heated section, it can be seen that the
difference in heat transfer coefficients is almost negligible. Approximately all of the test fluids
performed similarly at this position. This shows that the reduction in heat transfer coefficient is
slightly reducing as the thermal boundary layer is being developed.
From testing this set of fluids it was observed that the additive used for stabilizing
nanoparticles was having an adverse effect on heat transfer. With the introduction of nanoparticles
there was slight improvement in heat transfer coefficient, but still it was lower than the base fluid.
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It may be understood from this data, that the nanoparticles added in the concentration of 1% by
mass were not enough to overcome the drop in heat transfer coefficient due to the presence of
sodium hexametaphosphate.

Figure 8.2: Heat transfer coefficient for sodium hexametaphosphate based fluids (x=5.06 inch)
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Figure 8.3: Heat transfer coefficient for sodium hexametaphosphate based fluids (x=11.12 inch)

8.2.2 Heat transfer coefficient results for Diammonium hydrogen citrate based fluids

Second set of fluids that were tested were based on Diammonium hydrogen citrate. The
added concentration of Diammonium hydrogen citrate was 0.1% by mass. It was reported in a
study done to understand the stability of Nanofluids using different additives in different
concentrations that for the case of Diammonium hydrogen citrate as an additive, the best stability
of CuO Nanofluid is achieved when Diammonium hydrogen citrate is used in concentrations of
0.1% by mass [14].
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Figure 8.4 shows the results of local heat transfer coefficient of fluids at 1 inch from the
heated length of the test tube. The important observation that was made with these set of results
was that, there was no significant change in the heat transfer coefficient of water when
Diammonium hydrogen citrate was added in concentration of 0.1% by mass. Reduction in heat
transfer coefficient was observed after the introduction of nanoparticles. These results suggest that
the reduced heat transfer measured for the Nanofluids is not contributed by the used additive, but
may be a result of adding nanoparticles.

Figure 8.4: Heat transfer coefficient for Diammonium hydrogen citrate based fluids (x=1 inch)
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This is an important experimental observation that is made in this work. It was measured,
that when nanoparticles where added in low concentrations of 1% by mass, the heat transfer
coefficient was reduced at the entry regions for given flow conditions. Reduction in heat transfer
coefficient was still present as the thermal boundary layer further developed, and local heat transfer
coefficient remained lower than the base fluid. Reduction in heat transfer coefficient was lower at
the third position (x= 11.12 inch). But there was still a measurable drop.

Figure 8.5: Heat transfer coefficient for Diammonium hydrogen citrate based fluids (x=5.06
inch)
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Figure 8.6: Heat transfer coefficient for Diammonium hydrogen citrate based fluids (x=11.12
inch)

8.2.3 Heat transfer coefficient results for Triammonium citrate based fluids

The used concentration of Triammonium citrate was same as it was for Diammonium
hydrogen citrate based Nanofluids. But it can be seen from the results that heat transfer coefficient
of water was reduced when Triammonium citrate was used in concentration of 0.1% by mass. But
there was no drop in heat transfer coefficient when Diammonium hydrogen citrate was used in the
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same concentration. The heat transfer coefficient for Nanofluid is even lower than the water and
additive solution. A similar trend is observed for the second and third position.

Figure 8.7: Heat transfer coefficient for Triammonium citrate based fluids (x=1 inch)
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Figure 8.8: Heat transfer coefficient for Triammonium citrate based fluids (x=5.06 inch)
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Figure 8.9: Heat transfer coefficient for Triammonium hydrogen based fluids (x=11.12 inch)

8.2.4 Local heat transfer coefficient along the length of the tube
An attempt is made to visualize the changes in heat transfer coefficient along the length of
the tube. In order to perform this analysis, a linear regression equation is obtained for local heat
transfer coefficient as a function of mass flowrate for all three positions. Then a fixed mass
flowrate of 2.5 gm/sec is used to generate the plots. The linear regression equations are generated
using Microsoft Excel® software. Local heat transfer coefficients are plotted for water and
Nanofluids at different axial positions. It can be seen that for the case of Nanofluids stabilized by
sodium hexametaphosphate based additives, the drop in heat transfer coefficient reduces as the
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thermal boundary layer develops. A similar behavior is observed for the Diammonium hydrogen
citrate based Nanofluids. For Triammonium citrate based Nanofluids it can be seen that the drop
in heat transfer coefficient is greater in comparison to the drop with Diammonium hydrogen citrate
based Nanofluids. As it was presented with the earlier results that the additive, Triammonium
hydrogen citrate was causing a drop in heat transfer coefficient, while there was no significant
drop with the other additive. This is the reason for having a lower heat transfer coefficient for the
Nanofluids stabilized by Triammonium hydrogen citrate as compared with Diammonium
hydrogen citrate based Nanofluids.

Figure 8.10: Heat transfer coefficient along the length of the tube for 1% SHMP 1% CuO NP
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When nanoparticles where used in concentrations of 5% by mass, highest concentration
than all other Nanofluids studied for this work, it can be seen that the heat transfer coefficient first
follows a decreasing trend, after which it starts to increase as the thermal boundary layer develops.
This experimental data suggests that there may be a certain threshold of nanoparticles
concentration and boundary layer length, after which heat transfer coefficient of Nanofluids would
be higher than that of the base fluid. It also shows that the profile of boundary layer development
is altered with the addition of nanoparticles.

Figure 8.11: Heat transfer coefficient along the length of the tube for 0.1% DHC 1% CuO NP

56

Figure 8.12: Heat transfer coefficient along the length of the tube for 0.1% TC 1% CuO NP

57

Figure 8.13: Heat transfer coefficient along the length of the tube for 1% SHMP 5% CuO NP

8.3 Viscosity testing

Pumping power is required to create the required flowrate in order to achieve the desired
heat transfer. Viscosity is an important parameter which effects the pumping power input. With
the introduction of nanoparticles and additives, the viscosity of the fluid is expected to increase.
The significance of the increase in viscosity with the addition of nanoparticles and additives was
experimentally measured. Changes in viscosity for all test fluids are briefly explained.
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Three tests were conducted for all tested fluids. Average values of viscosity are used for
the comparison of fluid viscosities.

8.3.1 Viscosity testing of sodium hexametaphosphate based fluids

The viscosity of water was increased by 3.22% when sodium hexametaphosphate was
added in concentration of 1% by mass. On further addition of Nanoparticles in concentration of
1% by mass, the viscosity of the fluid increased 3.88% in comparison to water. For the case of
Nanofluids stabilized by sodium hexametaphosphate, the viscosity increase seems to be dominated
by the presence of additive.
Nanofluids with nanoparticles concentration of 5% by mass stabilized by 1% mass of
sodium hexametaphosphate showed largest increase in viscosity among all tested fluids. The rise
in viscosity for this fluid was 16.44% in comparison to the viscosity of water.
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Table 8.2: Dynamic viscosity test results for Sodium hexametaphosphate based fluids
Water

1% SHMP

1% SHMP 1% CuO NP

1% SHMP 5% CuO
NP

Test
Dynamic Average Dynamic Average Dynamic Average Dynamic Average
number Viscosity X Viscosity X Viscosity X Viscosity X Viscosity X Viscosity X Viscosity Viscosity
-3
10-3 (N
10-3 (N
10-3 (N
10-3 (N
10-3 (N
10-3 (N X 10 (N X 10-3 (N
s/m2)
s/m2)
s/m2)
s/m2)
s/m2)
s/m2)
s/m2)
s/m2)
1

1.0441

2

1.0415

3

1.0452

1.0730
1.0436

% change from water (average
value)

1.0754

1.0798
1.0772

1.0832
3.22%

1.0822

1.2235
1.0841

1.0902
3.88%

1.2091

1.2152

1.2129
16.44%

8.3.2 Viscosity testing of Diammonium hydrogen citrate based fluids

Increase of 1.52% in viscosity was measured when Diammonium hydrogen citrate was
mixed with water in concentration of 0.1% by mass. Upon addition of 1% by mass of nanoparticles,
the viscosity was measured to be 1.20% higher than that of water. The viscosity of the Nanofluid
stabilized by Diammonium hydrogen citrate was measured lower than the water and Diammonium
hydrogen citrate solution. This could be due to the presence of measurement uncertainty or due to
any type of lubricating effect of nanoparticles. One author reported that at low volume fractions,
there is a possibility of Nanofluids having lower viscosity as compared with the base fluid, due to
the lubricating effect of Nanoparticles [15].
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Table 8.3: Dynamic viscosity test results for Diammonium hydrogen citrate based fluids
Water

0.1% DHC

0.1% DHC 1% CuO NP

Test
Dynamic Average Dynamic Average Dynamic Average
number Viscosity X Viscosity X Viscosity X Viscosity X Viscosity X Viscosity X
10-3 (N
10-3 (N
10-3 (N
10-3 (N
10-3 (N
10-3 (N
s/m2)
s/m2)
s/m2)
s/m2)
s/m2)
s/m2)
1

1.0441

2

1.0415

3

1.0452

1.0589
1.0436

1.0551

1.0442
1.0595

1.0645

% change from water (average
value)

1.52%

1.0573

1.0561

1.0668
1.20%

8.3.3 Viscosity testing of Triammonium citrate fluids

Similar trend was observed in Triammonium citrate based fluids as it was observed in
Diammonium hydrogen citrate based fluids. The viscosity of water increased when the additive
was added, with an increase of 1.01%. But the increase in viscosity was 0.60% after adding
nanoparticles into the water additive solution.
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Table 8.4: Dynamic viscosity test results for Triammonium hydrogen citrate based fluids
Water

0.1% TC

0.1% TC 1% CuO NP

Test
Dynamic Average Dynamic Average Dynamic Average
number Viscosity X Viscosity X Viscosity X Viscosity X Viscosity X Viscosity X
10-3 (N
10-3 (N
10-3 (N
10-3 (N
10-3 (N
10-3 (N
s/m2)
s/m2)
s/m2)
s/m2)
s/m2)
s/m2)
1

1.0441

2

1.0415

3

1.0452

1.0501
1.0436

% change from water (average
value)

1.0548

1.0374
1.0542

1.0577
1.01%

1.0588

1.0498

1.0533
0.60%

Figure 8.14: Viscosity results bar diagram for all test fluids
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8.4 Zeta potential measurements

8.4.1 Validation of the equipment

Malvern Zetasizer equipment is used for the purpose of measuring zeta potential of the test
samples. Before testing of the individual samples could begin, it is first important to validate the
accuracy of test results from the equipment.
For the purpose of validation, manufacturer recommends to use the Standard Test samples
for Zeta potential measurement. Equipment should measure the Zeta potential of the Standard test
samples to be 42 mV ± 4.2 mV in order to validate proper functioning of the equipment. Zeta
potential of Standard Test sample was measured using the equipment, and the results were found
to be within the specified range.
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Figure 8.15: Zeta potential test results for Standard Zeta potential test fluid

8.4.2 Zeta potential test results for Sodium hexametaphosphate based Nanofluid

This Nanofluid tested the best zeta potential among all of the prepared Nanofluids. This
means that the nanoparticles where best stabilized by this additive at 1% mass concentration. The
measured zeta potential was -65.1 mV.
Zeta potential of -65.1 mV means that the prepared colloid has excellent stability and
nanoparticles will remain suspended into the fluid for longer period of time with very little or no
settling down issue.
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This was further confirmed by visually inspecting the test sample at different intervals of
time. Picture below shows the Nanofluid at different time intervals after preparation of the fluid.

Figure 8.16: 1% SHMP 1% CuO Nanofluids at different time intervals
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Figure 8.17: Zeta potential test results for 1% SHMP 1% CuO NP

8.4.3 Zeta potential test results for Diammonium hydrogen citrate based Nanofluid

The Nanofluid stabilized by 0.1% of Diammonium hydrogen citrate measured zeta
potential of

-21.2 mV. This low stability in comparison to other test fluids was further validated

visually. Figure 8.18 shows the settling of nanoparticles over time in Nanofluid prepared using
Diammonium hydrogen citrate as a stabilizing additive.
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Figure 8.18: 0.1% DHC 1% CuO NP Nanofluids at different time intervals
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Figure 8.19: Zeta potential test results for 0.1% DHC 1% CuO NP Nanofluid

8.4.4 Zeta potential test results for Triammonium citrate based Nanofluid

The measured zeta potential of Nanofluid prepared by using Triammonium citrate was
found to be slightly better than the Nanofluid stabilized by Diammonium hydrogen citrate. The
measured zeta potential was -29.4 mV. However the used instrument suggests that the quality of
measured results was not good. This might be happening if the test sample was not consistent. The
visual check also shows that Triammonium citrate based Nanofluid was slightly better than the
Nanofluid stabilized by Diammonium hydrogen citrate.
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.

Figure 8.20: 0.1% TC 1% CuO NP Nanofluid at different time intervals

8.5 Nanoparticles size measurements

The particle size co-relates well with the zeta potential measurements. For fluids where the
zeta potential had higher values, smaller average particle diameter was measured in comparison to
the fluids where zeta potential had a lower value.
If the zeta potential of the fluid is low, more particles will tend to stick with each other,
creating a larger particle. Since it is more desirable to have a smaller particle size for better heat
transfer, this fact further adds to the importance of having more stabilized Nanofluids.
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8.5.1 Nanoparticle size measurement for Sodium hexametaphosphate based Nanofluid
The measured average nanoparticle diameter for Nanofluid stabilized by sodium
hexametaphosphate was found to be 108.3 nm. Nanoparticles used for the preparation of
Nanofluids had a diameter of less than 50 nm (as stated by the manufacturer). Nanoparticles might
have not completely separated during the sonication process, this may have caused the size to be
larger than the size of used particles. Or particles might have combined with each other due to
attractive forces, resulting in larger particle size.

Figure 8.21: Nanoparticles size measurement for 1% SHMP 1% CuO NP Nanofluids

70

8.5.2 Nanoparticle size measurement for Diammonium hydrogen citrate based Nanofluid
Average nanoparticle diameter of 159.6 nm was measured for the Nanofluid prepared using
Diammonium hydrogen citrate additive. Zeta potential of this Nanofluid was lowest in comparison
with all other Nanofluids, this may have contributed to the largest measured particle size. Lower
stability might be causing more nanoparticles to stick together, resulting in larger average particle
size.

Figure 8.22: Nanoparticles size measurements for 0.1% DHC 1% CuO NP Nanofluid
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8.5.3 Nano particle size measurement for Triammonium citrate based Nanofluid
Bigger particle size in comparison to Nanofluid stabilized by Sodium hexametaphosphate
was measured. The measured size of the average particle diameter was 118.3 nm.

Figure 8.23: Nanoparticles size measurements for 0.1% TC 1% CuO NP Nanofluid

CHAPTER 9

CONCLUSION

Impact of additives on the flow and heat transfer characteristics of Nanofluids have been
experimentally studied in this experimental work. An attempt has been made to better understand
the changes in flow and heat transfer characteristics of water due to the addition of CuO
Nanoparticles by also testing the changes as a result of adding stabilizing additives only. This
additional set of experimental data, for water additive solution, tested prior to adding nanoparticles
in the base fluid provided some additional insight on the behavior of Nanofluids.
Test apparatus for testing of flow and heat transfer characteristics of Nanofluids developed
by Craig in his Master’s thesis [1] was used for testing the viscosity and heat transfer coefficient
of the test fluids with few modifications. Malvern Zetasizer equipment was used for measuring the
zeta potential and particle size. Other than this, stability of the Nanofluids was also studied
visually.
Using three different stabilizing additives allowed testing of Nanofluids with different
stability ranges. Nanofluid stabilized by using sodium hexametaphosphate in concentration of 1%
by mass gave the best stability among all tested Nanofluids. The measured zeta potential was 62.1 mV when sodium hexametaphosphate was used as a stabilizing additive.
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Nanoparticle size measurements suggests a relation between the measured zeta potential
and average particle size of nanoparticles. Nanofluids with the highest stability had an average
particle diameter of 108.3 nm, while for the fluid where the stability was least among the three
fluids, Diammonium hydrogen citrate based Nanofluid stabilized by 0.1% concentration of
additive had the largest particle size of 159.6 nm with the lowest zeta potential of -21.1 mv.
Viscosity of water was increased with the addition of all types of additives used for
experiments. Little changes in viscosity was measured when nanoparticles where added in
concentration of 1% by mass. In light of this experimental data, Nanofluids where concentration
of CuO Nanoparticles was 1% by mass, the increase in the viscosity of the fluid was primarily
driven by the use of additive. Highest measured viscosity was for Nanofluids when nanoparticles
where added in concentration of 5% by mass. The increase in viscosity was approximately 16% in
comparison to the viscosity of water.
Heat transfer coefficient decreased with the use of two additives, while there was no
measureable change in the heat transfer coefficient of water when Diammonium hydrogen citrate
was added in water with a concentration of 0.1% by mass.
With all of the tested Nanofluids where the concentration of nanoparticles was 1% by mass,
a measureable drop in heat transfer coefficient was observed at the entrance regions of thermal
boundary layer for the given test conditions. A slightly different behavior was seen when
concentration of nanoparticles was increased to 5% by mass. The heat transfer coefficient showed
a decrease followed by an increase along the length of the test tube for Nanofluids with increased
concentration of nanoparticles.

74

It was expected that with the addition of nanoparticles the heat transfer coefficient would
increase, since the thermal conductivity of the fluid is expected to increase. The fact that lower
heat transfer coefficient was measured for the type of Nanofluids in given test conditions is
interesting. It may be possible that any known phenomenon due to the presence of nanoparticles
is causing these results. It could be hypothesized that the presence of nanoparticles is causing any
additional thickening of the thermal boundary layer which is not driven by the rise in thermal
conductivity, but this hypothesis needs to be confirmed by further experimental testing. If thermal
conductivity measurements are also made for the tested fluids, they would allow better
understanding of these results. Various improvements are suggested in the future
recommendations section of this report which could help continue this research.

CHAPTER 10

FUTURE RECOMMENDATIONS

In light of the experimental data and analyzed results, following recommendations are made
for the future work.

-

Local heat transfer coefficient measurements for complete length of thermal
boundary layer development:

The local heat transfer coefficients measured in this work were studied
approximately for the first 12 inches of the test tube. For the given flow conditions, the
thermal boundary layer is still in developing region at this length. It is recommended for
any future work to measure the local heat transfer coefficient up to a length where the flow
is completely developed thermally. As it was observed with the results, that the heat
transfer coefficient of Nanofluids was increasing along the length of the tube for the given
test conditions. Measuring the local heat transfer coefficient for the complete length of
thermally developing region will provide better understanding of the behavior of
Nanofluids in thermally developing laminar flow.

76

-

Increased resolution of local heat transfer coefficient measurement for entry region:

It is recommended that more measurements of local heat transfer coefficients are
done at the initial part of the test tube. As with the case of Nanofluids where concentration
of nanoparticles was 5% by mass, a sudden drop followed by an increase in local heat
transfer coefficient was measured. As this behavior was observed at the early regions of
entry length, a better resolution will allow to capture this behavior more effectively.

-

Thermal conductivity measurements:

For any future work concerning similar testing as done in this report, it is
recommended to measure the thermal conductivities of the test fluids. Measuring thermal
conductivities along with measuring changes in heat transfer coefficient as a result of
introducing additives and nanoparticles would allow better understanding of heat transfer
characteristics of the fluids.
It would be more useful if thermal conductivities of the fluids are studied as a
function of temperature. Changes in thermal conductivity and temperature profiles as a
result of introducing additives and nanoparticles could help improve understanding of the
impact of additives on the heat transfer characteristics of Nanofluids.
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-

Study viscosity as a function of temperature

All viscosity measurements done for this work where at a constant temperature.
Since the viscosities of fluids are sensitive to temperature, studying viscosities as a function
of temperature would be more useful. Comparison of viscosity temperature profiles of
water with different test fluids would help improve understand the impact of additives and
nanoparticles on the flow characteristics of the test fluids.

-

Production and testing of Nanofluids with different sonication time

Preparing and testing Nanofluids with different sonication time would allow to
measure the significance of required sonication. This type of experimental testing could
identify finding optimum amount of sonication time period for a given type of additive and
used concentration of nanoparticles.

Zeta potential, nanoparticle size in test fluid,

viscosity, and heat transfer coefficient could be studied as a function of sonication time
period.

-

Study Nanofluids at different concentrations of nanoparticles

Various studies have been done to study the impact of changing nanoparticle
concentrations on flow and heat transfer characteristics of Nanofluids. But for the
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experiments conducted in this work, where a drop in heat transfer coefficient is measured
for the given test conditions, it is recommended to study Nanofluids with changing
concentrations of nanoparticles to have more conclusive results. It may be possible that for
low concentration of nanoparticles the heat transfer coefficient is reduced at early entrance
regions, but after a certain threshold of nanoparticle concentration there is an improvement
in heat transfer coefficient, even at the early entrance regions thermal boundary layer.

-

Confirm Newtonian behavior of test fluids

Viscosity testing that was done on the test fluids in this work is valid for Newtonian
fluids. It is recommended that the Newtonian behavior of these fluids is confirmed in order
to validate the viscosity test results.
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